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Optimal Choice for Number of Strands in a
Litz-Wire Transformer Winding

Charles R. SullivanMember, IEEE

Abstract—The number and diameter of strands to minimize This paper presents a method of finding that optimum, using
loss in a litz-wire transformer winding is determined. With fine  standard methods of estimating the eddy-current losses.

stranding, the ac resistance factor can be decreased, but dc Optimizations on magnetics design may be done to min-
resistance increases as a result of the space occupied by insulation.

A power law to model insulation thickness is combined with 'm'zelvowme' loss, cost, weight, temperatur-e rnse, Orlsome
standard analysis of proximity-effect losses to find the optimal combination of these factors. For example, in the design of
stranding. Suboptimal choices under other constraints are also magnetic components for a solar-powered race vehicle [1]
determined. (the original impetus for this work) an optimal compromise
Index Terms—Eddy currents, litz wire, magnet wire, power between loss and weight is important. Although we will ex-
electronics, power transformers, proximity-effect losses, skin ef- plicitly minimize only winding loss, the results are compatible
fect, transformer windings. with and useful for any minimization of total loss (including
core loss), temperature rise, volume, or weight. This is because
I. INTRODUCTION the only design change considered is a change in the degree of
stranding, preserving the overall diameter per turn and overall

(?ALtIENT ?j'ftf'CUIt¥ in the QESI(?(;] of h|gh;fr<]achuttangy " \window area usage. This does not affect core loss or volume
. uctors and transtormers 1s ecdy-current tiects In Winge, 4 ¢ only a negligible effect on weight. However, the
ings. These effects include skin-effect losses and prommfg/—

egree of stranding does significantly affect cost. Although
effect losses. Both effects can be c_ontrplle_d_by the_use of | fe have not attempted to quantify or optimize this, additional
wire—conductors made up of multiple individually insulate ; . .
. . . fesults presented in Section V are useful for cost-constrained
strands twisted or woven together. (Sometimes the tiem desians
wire is reserved for conductors constructed according to a gns. .
. : . The analysis of eddy-current losses used here does not
carefully prescribed pattern, and strands simply twisted t8i'ffer substantially from previous work [2]-[18] ([15] gives a
gether are called bunched wire. We will use the tditmwire y P 9

for any insulated grouped strands.) useful review). Although different descriptions can be used,

. . mast calculations are fundamentally equivalent to one of

This paper addresses the choice of the degree of strandin !
o . S hree analyzes. The most rigorous approach uses an exact
in litz wire for a transformer winding. The number of turns

. L . 82%Iculation of losses in a cylindrical conductor with a known
and the maximum winding cross-sectional area are assumed t0Q . ) . ) .

, . i current, subjected to a uniform external field, combined with
be fixed. Under constraints on maximum number of strands orr] expression for the field as a function of one-dimensional
minimum wire diameter, the best solution may not fill th 1-D P ition in th indi 171. Perh th i
allocated window space fully. However, as will be shown ) position in the winding area [17]. Perhaps the mos

in Section IV, with those constraints removed, the optimur(ﬁOmmonly cited analysis [16] uses “equivalent” rectangular

solution does fill the allocated space. In this case, the Crogg_nductors to approxmiate round wires and then progeeds with
exact 1-D solution. Finally, one may use only the first terms

sectional area of each turn is fixed, and as the number ) . :

strands is increased, the cross-sectional area of each string S€Mes expansion of t.hese-sqlutlons, e.g., [14].

must be decreased. This typically leads to a reduction in edd All of these methods give S|_m|Iar results for strands tha_t

current losses. However, as the number of strands increa % smalll compared to the 'skm dgpth [17]. (See Appepdlx

the fraction of the window area that is filled with coppe or a d|scu53|on of one minor dlscrgpancy.) The solutions

decreases and the fraction filled with insulation increases. THS 0pt|ma! stranding resqlt in sFrand d|amet§rs .much smaller

results in an increase in dc resistance. Eventually, the ed an a.skm depth. In this region, the d|st.|nct|ons betwe.en.

current losses are made small enough that the increasingt various meth_ods evaporatg, and the S'_mP'ESt analysis is
resistance offsets any further improvements in eddy-curré'?‘ﬂequate' More rigorous analysis (e.g., [17]) is important when

loss, and the total losses start to increase. Thus, thereS§@nds are not small compared to a skin depth. In this case,
losses are reduced relative to what is predicted by the analysis

an optimal number of strands that results in minimum loss. v
used here, due to the self-shielding effect of the conductor.
Previous work, such as [2]-[9] has addressed optimal wire
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Strand-level Bundle-level equal current in all strands [17], [19], [22]. This assumption is
S equivalent to assuming that the bundle-level construction has
Eff:a been chosen properly to control bundle-level proximity and
skin effects. Note, however, that most of our results remain

valid even when there is significant skin-effect loss at the litz-

bundle level, for example in a simply twisted bundle. This is

YVY¥VY By VYV ¥ ¥ Bey . .
Prox- . because the bundle-level skin-effect loss is independent of the
;E"f‘;‘yt @O number of strands, and is orthogonal [20] to the strand-level
* LY eddy-current losses.
“Internal”  “External” We represent winding losses by
Fig. 1. Types of eddy-current effects in litz wire. Pose = F 72 Ry (1)
oss — L rige c

useful for cost-sensitive applications if the number of strand{1€ré £ is a factor relating dc resistance to an ac resistance
is the determining factor in cost and the maximum cost Which accounts for all winding losses, given a sinusoidal
constrained. However, this will, in general, lead to higher lo&&frént with rms amplitude.c. As shown in Appendix A,
designs than are possible using the optimal number of stran§. Can approximate. by
5o 2w N2n2dSk 5
II. SKIN EFFECT AND PROXIMITY EFFECT IN LITZ WIRE r=14 768p2b2 (2)

[ed

Skin effect is the tendency for high-frequency currents Rherew
flow on the surface of a conductor. Proximity effect is the te he number of strandsy is the number of turnsd, is the

dency for current to flow in other undesirable patterns—loomzj'?ameter of the copper in each strang, is the resistivity

or concentrated distributions—due to the presence of magnefic,, copper conductort. is the breadth of the window
fields generated by nearby conductors. In litz-wire winding rea of the core. and: ics a factor accounting for field

skin and proximity effects may be_further d“{'deq Ito StranCyistribution in multiwinding transformers, normally equal to
level and bundle-level effects, as illustrated in Fig. 1. Bundl%-ne (see Appendix A). For waveforms with a dc component
level effects relate to current circulating in paths involvin% i
multiple strands, whereas strand-level effects take place Wittg
individual strands. Bundle-level effects are controlled by t
pattern of twisting or weaving—the construction of the lit

wire. $t|mpflfe tvlvlstlng r:s adequate to clontrol btundtl'e—lev irectly applicable [23].
proximity eflect Ioss, whereas more complex constructions arér, analysis described here considers the strands of all litz

neede(tj(';(_) cotTtroLfbuPddlel;le;/hel skin EﬁeCt' g_undletz-levfel ?ﬁeig@ndles to be uniformly distributed in the window, as they
are not directly attected by the number or diameter of stranQgy, 14 pe in a single winding usingvn turns of wire the

:hgyt_are diterm'_?ﬁd b{;he 0ve(rjall dt%meter g(;\d tr(;efcr:ﬁlce{ﬁ meter of the litz strands. In fact, the strands are arranged
wisting pattern. Thus, they need not be considered IUrter §f, e o |ess circular bundles. In this sense, the analysis of

the a}nalysis i.n this paper. A.t th'e strand level, proximity eff'e 0] may be more accurate, but this difference has very little
dominates skin effect in a winding that has many layers. Smﬂﬁect on the results. The most important difference between

a litz winding has a large effective number of layers as a res te model used here and the model in [20] is the greater

of the many strands, strand-_level skin effects are _n?g“g'bleaccuracy of [20] for strands that are large compared to a
Thus, we need only consider strand-level proximity effe

Skin depth. The simpler model is used because it is accurate
losses for the choice of number of strands. Strand-level Pray P P

S . - S ~ PF0r the small strand diameters that are found to be optimal,
imity effect may be still further divided into internal proximity

ffect (the effect of oth ts within the bundl nd because its simplicity facilitates finding those optimal
effect (the efiect of other currents within the bun €) an iameters. Other models (such as [19] and the similar analysis
external proximity effect (the effect of current in other bundle

191 1201 H this distinction ful onl ¢ [22]) also model large strand diameters and circular bundle
[19], [20]. rowever, this distinction 1S usetu’ only as a form o onfigurations accurately, but they fully calculate only internal
bookkeeping. The actual losses in one strand of a litz bun

. i ot external) proximity effect, and so are not useful for the
are simply a result of the total external field, due to the curre Sesent purposes
in all the other strands present. '

To calculate the total strand-level proximity-effect loss in
a litz winding, one can view it as a single winding, made
up of nN turns of the strand wire, each with curreiytn The fraction of the window area occupied by copper in a
flowing in it, wheren is the number of strandsy is the litz-wire winding will be less than it could be with a solid-
number of turns of litz wire, and is current flowing in the wire winding. This leads to higher dc resistance than that of
overall litz bundle. The loss in the litz winding will be thea solid wire of the same outside diameter. A cross section of
same as in the equivalent single-strand winding as long l&g wire is shown in Fig. 2, with the various contributions to
the currents flowing in all the strands are equal [6], [21tross-sectional area marked. In addition to the factors shown
Other methods of calculating loss in litz wire also assunie this diagram, the twist of the litz wire also increases the

is the radian frequency of a sinusoidal currentis

nd for some nonsinusoidal waveforms, it is possible to derive

r%ingle equivalent frequency that may be used in this analysis
ppendix C). In an inductor, the field in the winding area

epends on the gapping configuration, and this analysis is not

I1l. DC RESISTANCE FACTORS
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/ Bundle Packing

— Serving
Filler

Strand Packing
Insulation

Copper

\Turn Packing
Fig. 3. The cross section of strands becomes elliptical when the bundle is
twisted. In this extreme case of lay (length per twist) equal to 4.7 times the

Fig. 2. Cross-sectional area of a litz-wire winding showing how area fsndle diameter, a total of six strands fit where seven would have fit untwisted.
allocated. Area allocated to anything other than copper increases the resistance

in a space-limited winding.
potentially complex construction at the large-scale level where
dc resistance. In order to find the optimal number of strangindle diameters are large compared to a skin depth. However,

for a litz winding, it is necessary to quantify how the factor@ecause the optimal strand diameter will be small compared

affecting dc resistance vary as a function of the number £ @ Skin depth, a simple many-strand twisted bundle may
strands. be used at the lowest level. If the overall number of strands

is increased, the number of strands in each of these low-level
bundles should be increased, but the diameter of each low-level
bundle should not be changed, nor should the way they are
Typically, litz bundles are wrapped with textile to proteckompined into the higher level construction be affected. Thus,

about 0.06 mm (2.5 mil) to the diameter of the bundle. Forfie number of strands.

given number of turns filling a bobbin, or a section of a bobbin,
the outside diameter of the litz wire must be fixed. The arga
devoted to serving will then also be fixed, independent of the

A. Serving

Turn Packing

number of strands. The way turns are packed into the overall winding is primar-
ily a function of winding technique, and it is assumed not to
B. Strand Packing vary as a function of the stranding. However, note that loosely

. . . ) ) twisted litz wires can deform as the winding is constructed,
Simply twisted litz wire comprises a group of strandgjo\ing tighter packing. Another option providing tight turn
bunched and twisted into a bundle. More complex construga ying is rectangular-cross-section litz wire. In addition to
tions begin with this step, and then proceed with grouping 8 ,n_nacking advantage, it has tighter strand and bundle

twisting the subbundles into higher level bundles. P_art'CUIﬁ%\cking, as a result of the mechanical compacting process that
numbers of strands (1, 7, 19, 37, etc.) pack neatly into Cofy s it into a rectangular cross section.

centric circular arrangements. However, with large numbers

of strands (e.g.>>19), and/or very fine strands [e.g., 44—5% Twist

American Wire Gauge (AWG)], it is difficult to precisely —*

control the configuration, and the practical packing factor The distance traveled by a strand is greater in a twisted
becomes an average number approximately independentbwndle than it would be if the strands simply went straight, and
the number of strands. Since the optimal strand diametersg the resistance is greater. An additional effect arises from
typically much smaller than a skin depth, but the lowest levéhe fact that a cross section perpendicular to the bundle cuts
bundle can be near a skin depth in diameter, in most caséightly obliquely across each strand. Thus, the cross section
we can assume that there is a large number of strands in @i€ach strand is slightly elliptical. This reduces the number of
innermost bundle. Thus, this packing factor is independent gifands that fit in a given area, and so effectively increases the

the number of strands. resistance. An extreme case of this is illustrated in Fig. 3. The
choice of the pitch of the twist (“lay” or length per twist) is
C. Bundle Packing and Filler not ordinarily affected by the number of strands in the lowest

L . evel bundle, and so for the purpose of finding the optimal
. The way the strands are d|V|Qed |r_1to b“!‘d'es and subb undL%smber of strands, we can agr;inpassume it is gonstanﬁ
is chosen based on considerations including bundle-level skin-
effect losses, flexibility of the overall bundle, resistance to
unraveling, and packing density. In some cases, a noncén-
ducting filler material may be used in the center of a bundle Thinner magnet wire has thinner insulation. However, the
in place of a wire or wire bundle that would, in that positionthickness of the insulation is not in direct proportion to the
carry no current because of skin effect. wire diameter. Thinner wire has copper in a smaller fraction
A typical configuration chosen to avoid significant bundlesf the overall cross-sectional area and insulation in a larger

level skin-effect losses should have a carefully designed afnection.

Strand Insulation Area
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0.025

where d; is the overall diameter, including the insulation
thickness,d. is the diameter of the copper only, amll is

an arbitrarily defined reference diameter used to make the
constantsy and /5 unitless. The parameters found for single-
build insulation wire are = 0.97 and « = 1.12 for d,
chosen to be the diameter of AWG 40 wire (0.079 mm). For
heavy-build insulation = 0.94 and o = 1.24. Note that
although (4) provides an accurate approximation for wire in
the range of 30-60 AWG, its asymptotic behavior for large-
strand diameters is pathological. Insulation thickness goes to
zero around 6 AWG and is negative for larger strands.

o

o

wn
T

o

o

pert
T

Minimum insulation build [mm}

0.005+
IV. NUMBER OF STRANDS FOR MINIMUM LOSS

With no constraints on number of strands or strand diameter,
0 . ' ‘ : s « \ the minimum-loss design will be with a full bobbin. Any

% % * * WireSég[AWG)45 % % * design that does not fill the bobbin can be improved by

Fig. 4. Insulation build (twice the insulation thickness) for AWG single—buildncreaSIng the number of strands by afa ! nd decreasmg

magnet wire. The dashed curve is the minimum build according to the equatié}¢ Strand diameterf. by 1/+/s. This keeps the dc resistance
provided by [24]. The lower “staircase” curve is the tabulated data provided ppnstant and decreases ac resistance, as shown by (2). This
[24] for minimum build. The points marked byx" are nominal build from improvement can be continued until insulation area increases
a wire manufacturer’s catalog obtained by subtracting an exact theoretical . . .. . .
nominal wire diameter from the tabulated nominal overall diameter. THESUIt in @ full bobbin. Thus, the minimum-resistance solution
approximation described by (4) comes closest to these points. fills the bobbin, and we can find this solution by analyzing a

full bobbin.

Of all of the dc-resistance factors considered, this is theFor a full bobbin, the outside diameter of the complete litz
only one that varies with the size or number of strands usedndle is
at the lowest Ieyel of the_ construction. Thu;, qu_antifying this F,bh
effect on dc resistance gives a good approximation of the total du = N (5)
variation in dc resistance as a function of the size or number
of strands. The other factors can be lumped into an overdlhered, is the breadth of the bobbin, is the height allocated
dc resistance multiplying factor which is a constant for th@r the particular winding under consideratioV is the
present purposes. number of turns in that winding, and},, is a turn-packing
One approach to quantifying the relationship between tfgctor for turns in the winding, expressed relative to perfect
insulation area and strand diameter would be to store tablessfiare packing (fo#, = 1, the litz bundle would occupy
computers, and use them to find the optimal strand diametetd Of the window area).
by calculating the losses for different strand diameters until theASsuming a factoty, accounting for serving area, bundle
optimum was found, similar to [11]. However, an ana|yticeﬂ>acking, any filler area, strand packing, and the effect of twist
description of the variation of insulation thickness with wir®n diameter, we can find the outside diameter of a single strand

size can facilitate an analytical solution for the optimal number FE bh
_ pLipYb

of strands. dy =\ = (6)

An equation describing magnet wire insulation thickness is "

rovided by [24 wheren is the number of strands in the overall litz bundle.
p y [24]

AWG The diameter of the copper in a single strand can then be
logip B=X - = (3) written using (4)

where B is the minimum insulation build in mils10=2 in, 4. — gi=1/8,~1/8 L Fbyh 1/(26) @)
1 mil = 254 um), X = 0.518 for single-build insulation e . nN ’

and X = 0.818 for heavy (double) build, and AWG is the
American Wire Gauge numbérHowever, this only applies
to wire sizes between 14 and about 30 AWG. For smaller

We now define a total resistance factbf

ac resistance of litz-wire winding

wire sizes, it does not correlate with the tabulated data in [24] Iy =Facl = dc resistance of single-strand winding

(Fig. 4). For wire in the range of 30-60 AWG, we find a (8)

better fit to manufacturers’ tabulated nominal insulation build

by using where Iy, is the ratio of dc resistance of the litz wire to the

3 dc resistance of a single strand winding, using wire with the
dy = d,« <%) (4) same diameter as the litz-wire bundle. Using (6) and (7), we
dr can show
J :T(?Eo,gtr]r}gg():g%_\/\gr%g%ugg? defines nominal wire diameter in inches as Fy. = nl/,@—lFlgl/,@. (9)
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Fig. 5. Total resistance factdr, as a function of number of strands (solidFig. 6. Total resistance factdr’ as a function of number of strands for the
line) for the example discussed in the text at 375 kHz. Also shown are thee@ample discussed in the text at 1 MHz. The solid line indicates resistance

resistance factoF,. (dashed) and the dc resistance fackQe (dotted). The
minimum total resistance factor is at the point where increaség irbalance
decreases if- with an increasing number of strands.

Combining (2), (8), and (9) results in
Fl = 1;1;1/,8 [nl/,afl _i_,yn(lfQ/,B)]

r (10)

where

. T2 N2w2p3de 8% =6/ 8(F, Fipbyh /N )3/ Pk
768202 '

Equation (10) can now be minimized with respecttto find

the optimal number of strands

(2/8 — 1)y V&P
Nopt = <w> )

(11)

(12)

factor for a full bobbin. The dashed line shows the lower resistance that is
possible by choosing the strand diameter for minimum loss, with the number
of strands fixed. Where this optimal diameter results in a full bobbin, the two
curves are tangent. For larger numbers of strands, the optimal strand diameter,
shown as a dotted line, would overfill the bobbin and so is not possible.

close to one. Note that although the factQg. is large, only a
factor of 1.18 is due to the change in wire insulation thickness.
The remaining factor of 1.95 is due to the dc resistance factors
that do not vary with number of strands, such as serving area
and strand packing.

The optimization leads to choosing a large number of fine
strands, which will often mean a high cost, and will sometimes
require finer strands than are commercially available. From
Fig. 5, one can see that a decrease from the optimum of 130 to
about 50 strands entails only a small increase in ac resistance.
Consideration of the cost tradeoff for a particular application

This will give nonintegral numbers of strands; the nearegbcomes necessary.
integral number of strands can be chosen to minimize acGijyen a suboptimal number of strands, chosen to reduce

resistance.

V. DESIGN EXAMPLES AND SUBOPTIMAL STRANDING

costs, a full bobbin may no longer be best. The problem of
choosing the optimal strand diameter for a fixed number of
strands has been addressed by many authors [2]-[5], [7]-[9],

For a design example, we used a 14-turn winding on &+4]. Although this is typically only used for single strands, the
RMS5-size ferrite core. The breadth of the bobbin is 4.93 mranalysis also can be applied for more than one strand by simply
and the breadth of the core window 6.3 mm. A height of 1.045ing the product of the number of turns and the number of
mm is allocated to this winding. Based on an experimentgjfandsN» in place of the number of turn&’. The result
hand-wound packing factdf, = 0.85 and litz packing factor [71-[9], [14] that .o = 1.5 holds, and

Iy, = 0.66, unserved, plus a 3gm (1.25 mil) layer of
serving, the above calculation indicates that, for a frequency
of 375 kHz, 130 strands of number 48 wire gives minimum

ac resistance, with a total resistance factorK&if = 2.35,
ac resistance factof, —
Fye = 2.29.

384202

C

1/6
dopt = <7r2w2u%—N2n2> .

In many practical cases, cost is a stronger function of the

(13)

1.03, and a dc resistance factornumber of strands than of the diameter of the strands. In the

range of about 42—-46 AWG, the additional manufacturing cost

Fig. 5 shows the total calculated resistance factor and @6 smaller wire approximately offsets the reduced material

components as a function of number of strands. The figure acwbst. Thus, designs using the diameter given by (13) often
the numbers confirm the intuition that becaysis close to one approximate the minimum ac resistance for a given cost.

and the dc resistance increases only very slowly, the decreasEig. 6 shows total resistance factor as a function of the
in resistance using finer strands outweighs the decreased crassnber of strands for the same example design, but at 1 MHz,
sectional area until the ac resistance factor is brought vemere the optimal stranding is a difficult and expensive 792
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Contour lines of total resistance factor at 1 MHz diameter, unless this is too many strands to fit in the available
1000 ' window area.

The above analysis shows how to find the optimal stranding,
given a constraint on either strand diameter or number of
strands, both of which are important in determining cost. More
explicit analysis of cost is addressed in [25].

VI. EXPERIMENTAL RESULTS

The designs specified in the preceding section were con-
structed with two types of litz wire: 130 strands of 48 AWG
and 50 strands of 44 AWG. The primary and secondary
windings were made from a single length of litz wire, wound
on the bobbin in opposite directions. This is magnetically
equivalent to having a shorted secondary, but it reduces

: ; : potential problems with interconnect resistance. In order to

% 35 40 45 50 55 e0 evaluate skin effect in the absence of external proximity
Strand Gauge (AWG) effect, litz wire was also measured outside of a winding. The
Fig. 7. Contour lines of total resistance fact®f as a function of number resistance was measured with an HP 4284A LCR meter, using

of strands and diameter of strands for the example discussed in the texjatystom-built test jig for low-impedance measurements. The
1 MHz. The diagonal dashed line indicates a full bobbin. The valley at the . .
easurements are shown in Fig. 8.

upper right is the minimum loss. The minimum loss without overfilling thdl ) . ]
bobbin is marked by anx.” Contour lines are logarithmically spaced. Although the overall litz-wire diameter was small enough

to limit bundle-level skin-effect losses to a few percent, the
. . . fine strands in the optimal solution also limit proximity-effect
strand_s of AWG 56 wire, a_nd S0 analysis of alt_ernatlves [3sses to similar levels, so it is necessary to separate the
more important. The solid line is for a full bobbin, and th . . -

wo effects in order to judge the accuracy of the proximity-

dashed line is for the same number of strands, but with t ﬁ .
) L . effect calculations. Fortunately, the losses are orthogonal [20],
diameter chosen for minimum losses rather than to fill the

) . . . .and the skin effect losses (for a litz wire outside of the
Elcl)sbtt)me \t/)\(/)kl])irii tg‘z t\gr? d"?ﬁ; mc?i(re\tt’ itth\?voourigr?]zzlt ?;?”;tjrt%ivsv?ndmg) can simply be subtracted from the measured losses
- - D€Y P ' in the transformer in order to isolate proximity-effect losses.
line is shown dotted. - .

Accurate prediction of the bundle-level skin effect was found
The example can be understood more completely by exam- o . .
. ; ) : 0 be difficult, in part because the details of the bundle
ining contour lines of total resistance factBf as a function

onstructions were not well known. However, if the experi-

Of. b.Oth stranq dlame_ter and number of strands (.F'g' n.T eentally measured bundle-level skin effect is subtracted from
minimum resistance is in the valley at the upper right (a lar

number of fine strands). To fit on the bobbin, designs must eﬁﬁeect?tlzlsgneiasggic::tgodsies,(zt)h <\e/erresgll:)$;altcg:scgs]ebgrc;ggt?;
below the dashed diagonal line. Minimum loss designs for P y y Y,

fixed number of strands can be found by drawing a horizont(z)iq[i'n?i'z;-t?(;?1 confirms the validity of the model used in the
line for the desired number of strands, and finding the poinP '
tangent to contour lines.

One could also consider a constraint for minimum wire VIl. CONCLUSION

diameter. Many manufacturers cannot provide litz wire using Th ber of strands f - | litz-wi indi
strands finer than 48 or 50 AWG. In Fig. 7, the minimum € humber ot strands for a minimum-oss litz-wire wincing

resistance for 50 AWG stranding is with a full bobbin, bul&Y th found by de\éaluanr_\gt the tra(c):lfe(if;]f be;twteen ?rm((jl_rmty;
for 40-AWG wire, the minimum ac resistance can be seeerﬁec 0sses and dc resistance. he tactors ‘eading 1o
creased dc resistance in a litz-wire winding, only the space

to occur with fewer than the maximum number of strandgq

Number of strands (log scale)
2
<

25 -

nymber of strands in a well designed construction. A power
aw can be used to model insulation thickness in the region of
F.=1+¢n? (14) interest. Combining this with standard models for eddy-current
_ ) ) loss results in an analytic solution for the optimal number of
where( is a constant obtained by equating (2) and (14). Th§ands. The simplest model for loss, using only the first terms
total resistance factor is then of a series expansion, can be used because good designs use
F! = Fiy - (14 ¢n?)/n (15) strands that are small c_omparec_i to a skin depth. Experimental
results correlate well with the simple model.
where F.; is the dc resistance factor with a full bobbin, for Stranding for minimum loss may lead to many strands of
the fixed strand diameter. The valuesothat minimizes this fine wire and thus excessive expense. Minimum loss designs
expression isn = \/m such thatF,. = 2. This will be constrained by minimum strand size or maximum number of
the optimal number of strands, given a fixed minimum straredrands have also been derived.

parameters fixed except for the number of strands, such th
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field is not zero at one edge of the winding, a facko=
(1—¢%)/(1—¢)? is used to account for the resulting change
in losses, where> = Byyin/Bumax [14].

1.9 T T T T T T T T T

-
o
T

_.
o
T

* ] APPENDIX B
COMPARISON WITH EXPANSION OF DOWELL SOLUTION

-
D
T

-
o

Equation (2) is similar to the expression for the first terms
of a series expansion of the exact one-dimension solution

-
w

5p% — 1
45

wherep is the number of layers and is the ratio of effective
conductor thickness to skin depth. For a large number of layers
(equivalent to the assumption, given above, of a trapezoidal
. . . . s field distribution), this reduces t&,. = 1 + (p?/9) v*. The

AC Resistance Factor, Fr
g

F.=1+ Pt (17)

jry
N

-
-

-

09 . . . s
0 100 200 300 4ogrequésr?gy[kHS]c>o 700 800 900 1000 usual expression f0¢ is
@ Y = VFl heq/6 (18)
14 T T T T T T T
where F; = Nib.q /by, heq andb., are the height and breadth
1351 of an “equivalent” rectangular conductor ang is the number
of turns per layer. Based on equal cross-sectional &rga-
13f ] heq = /7/4 d.. This results in
125} 1 4 (7/4)3dSNn
=1 < 19
T/) (541)(,]1(, ( )

where h; is the height of the bobbin area allocated to this

winding. The number of layers is = /nNh; /b,. Substitut-
ing these expressions fgrand into the simplified version

of (17) and using® = /2p./(pow), we obtain
w23 N2n2dSk
3. 7680207

AC Resistance Factor, Fr
o o
T

115

F.=1+ (20)

O 100 20 %00 AR eyl 0 %0 %010 e same as (2), except for the substitutionbpffor b. and
®) the addition of a factor ofr/3. This discrepancy, which was
first noted in [6], can be explained by comparing (16) to the

Fig. 8. Experimental ac resistance facfdr as a function of frequency. (a) ivalent . f t | duct
Graph is for litz wire with 50 strands of 44 AWG wire. (b) Graph is 13c°quivalent expression for a rectangular conductor

strands of 48 AWG wire. Both are in the example transformer described in 2,2 4
the text. Total measured resistance factor in the transformer is marked with _ v {Bs (21)
stars. Measured skin effect in a straight piece of litz wire is marked withi “ B 24p,

The difference, equal to proximity-effect losses, is marked with circles. These
correspond closely to the predicted proximity-effect losses (solid line).  \where s is the side of a square conductor. Equating these

two, we obtains = (37/16)Y/4d.. Thus, it appears that
APPENDIX A using an equivalent square conductor with sides equal to
LoSs CALCULATION s = (37/16)/*d,. for proximity-effect loss calculations would

The expression for ac resistance facfor used here may be a more accurate approximation than the equal area approx-

be derived by first calculating loss in a conducting cylinddfation that is usually used [16].

in a uniform field, with the assumption that the field remains

constant inside the conductor, equivalent to the assumption that APPENDIX C

the diameter is small compared to a skin depth. This results NONSINUSOIDAL CURRENT WAVEFORMS

in power dissipation” in a wire of length? Nonsinusoidal current waveforms can be treated by Fourier
P rwilB2d} 16 analysis. The current waveform is decomposed into Fourier
T 128p, (16) components, the loss for each component is calculated, and

whereB is the peak flux density. This is equal to the first terr‘F‘Pe loss components are summed to get the total loss

of an expansion of the exact Bessel-function solution [26]. =,
Combining this with the assumption of a trapezoidal field P=>" IF(w;)Rac (22)
distribution results in (2). For configurations in which the 3=0



290

IEEE TRANSACTIONS ON POWER ELECTRONICS, VOL. 14, NO. 2, MARCH 1999

where I; is the rms amplitude of the Fourier component & square wave with finite-slope edges leads to a finite value

frequencyw;. From (2), it can be seen that

2

w
Fo(w) =1+ (Fr(w1) — 1) a (23)
1
Defining Fi-ior by P = 12, . Fi-totRac leads to
'S} wg
277
(Fr(wy) —1) ; I "
Fr-tot =1+ 5} J (24)
Itot'rms
This can also be written as
w2
Fr'rms =1+ (FR(wl) - 1) weg (25)
1

where

of weg, Which can be found from (29) to be

W1 6
Weft = A(3 — 4A) (30)
whereA is the transition time as a fraction of the total period.
For A = 0.5, the waveform becomes triangular and (30) gives
the same value of.g as calculated above. This expression
(30) and the calculation and minimization of loss based on (2)
is valid as long as there is not significant harmonic current for
which the wire diameter is large compared to a skin depth.
Based on the rule thumb that the highest important harmonic
number is given byV = 0.35/A [27], a rough check on this
would be to calculate skin depth for a maximum frequency

2 2
ijj

I

=

[e@)
2
I;
0

(26)

Weff =

j=

One may calculate this effective frequency for a nonsinusoidal

wmax = (0.35w1/A) and compare this to the wire diameter.
If there are significant harmonics for which the skin depth is
small compared to wire diameter, then the analysis in [27]
0 can facilitate 1-D analysis of nonsinusoidal waveforms, or for
more accuracy Bessel-function analysis [17] with a Fourier
decomposition of the waveform can be used.
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skin depth for the highest important frequency is not small
compared to the strand diameter.

A triangular current waveform with zero dc component
results in an effective frequency @f103w;, wherew; is the [
fundamental frequency. Once the effective frequency of a pure
ac waveform has been calculated, the effective frequency with
a dc component can be calculated by a reapplication of (26)2]

(3]

@7

Finding Fourier coefficients and then summing the infinite!
series in (26) can be tedious. A shortcut, suggested but n{#
fleshed out in [9], can be derived by noting that

oo d 2 [7]

> LDwi= [rms{% I(t)H (28)
§=0 [8]

so that

[
rms{% I (t)} (0]

Wef = ————2. (29)

Itot-rms

The primary limitation of effective-frequency analysis ig11]
that it does not work for waveforms with more substantial
harmonic content. For instance, the series in (26) does &l
converge for a square wave. Similarly, the derivative of
a square wave in (29) results in an infinite rms value. A3
Bessel-function-based description of loss may be necessary.
However, in practice leakage inductance prevents an inducti[\i
component from having perfectly square current waveforms.
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